A B S T R A C T Gelatinase is a metallo-proteinase that acts specifically on denatured collagen. In human neutrophils, this enzyme is localized in small, morphologically still unidentified storage organelles that are resolved from the specific and the azurophil granules upon subcellular fractionation by differential sedimentation. When neutrophils isolated from freshly drawn blood are exposed to soluble stimuli such as N-formyl-methionyl-leucyl-phenylalanine, zymosanactivated serum, phorbol myristate acetate, or the calcium ionophore A 23187, or are induced to phagocytose opsonized zymosan, they rapidly release gelatinase in large amounts (30-70% of the cellular content in 10 min). When neutrophils from donor blood, which had been stored for 24 h at 4°C are used, extensive release even occurs without added stimuli by simply warming to 37°C.
Gelatinase release appears to occur by secretion because it is not dependent on phagocytosis. It is paralelled by the release of specific granule contents (vitamin B12-binding protein), but is more rapid and much more extensive. It is, however, dissociated from the-discharge of azurophil granules (as assessed by ,3-glucuronidase). In addition, it was found that gelatinase release does not depend on the activation of the respiratory burst, although the two responses are often observed in parallel. Release is not due to cell damage as the cytoplasmic enzyme lactate dehydrogenase is fully retained.
The distinct subcellular distribution and kinetics of release of gelatinase reported in this paper uncover a novel, truly secretory compartment of human neutrophils, which is highly responsive to stimulation. Gelatinase and possibly other enzymes stored in this secretory organelle may be involved in the early events of neutrophil mobilization, the response to chemotactic signals and diapedesis. INTRODUCTION Human neutrophils contain two collagen-degrading metallo-proteinases, a specific collagenase (1, 2) , and a gelatinase (3) . In a recent study, we found evidence suggesting that these two metallo-proteinases do not share the same subcellular compartment. Collagenase is localized in the specific granules while gelatinase appears to be associated with particles sedimenting more slowly (4) . This observation led us to test for gelatinase release by neutrophils that were exposed to a variety of stimuli, soluble and particulate, known to induce a series of responses such as increased chemokinesis, chemotaxis, activation of the respiratory burst, stimulation of the arachidonic acid metabolism, and release of granule enzymes.
Several studies have shown that agents such as phorbol myristate acetate (PMA)', the chemotactic peptide N-formyl-methionyl-leucyl-phenylalanine (fMLP), and partially purified C5a cause the selective release of contents of the specific granules while azurophil granules are retained (5, 6) . We now show that under these conditions neutrophils secrete large proportions of their gelatinase. These results uncover a novel, truly secretory subcellular compartment of the neutrophil that is highly responsive to stimulation. (8) according to described techniques (8, 9) . As indicated in Table I , two types of density equilibration gradients were used.
METHODS
Biochemical assays. Protein (10) , peroxidase (8) , lysozyme (11) , alkaline phosphatase (12) , N-acetyl-/3-glucosaminidase (9) , and lactate dehydrogenase (9) were determined by previously published methods. , 8 Kane et al. (13) . In brief, 0.1 ml of sample was mixed with 0.4 ml 0.025% Triton X-100 in 0.1 M potassium phosphate buffer, pH 7.5, before addition of 1 ml of a solution containing 1.33 ng [57Co]cyanocobalamin in 0.1 M potassium phosphate, pH 7.5. Incubation and separation of free and bound [57Co]cyanocobalamin were performed as described (13) .
Gelatinolytic activity was determined by a modification of the method of Harris and Krane (14) . 3H-Acetylated gelatin used as substrate was prepared as follows: collagen type I was isolated from the skin of young rats by extraction with 1 M NaCl in 50 mM Tris/HCl, pH 7.4, containing 10 mM EDTA, followed by ammonium sulfate precipitation (45% saturation), dialysis of the precipitate against 0.5 M NaCl in 50 mM Tris/HCl, pH 7.4, containing 10 mM EDTA, precipitation with 2.5 M NaCl, which was repeated once, and finally dialysis against 0.05% acetic acid. Gelatin was obtained from collagen by denaturation at 45°C for 1 h. To prepare 3H-acetylated substrate, the gelatin solution (50 mg/ 25 ml) was dialyzed against 0.1 M sodium phosphate buffer, pH 7.4, containing 0.14 M NaCl, 0.02 M KCI, and 0.05 M sodium acetate, and was then mixed with 0.1 mmol 3H-acetic anhydride (50 mCi/mmol) in 0.5 ml acetonitrile with stirring and kept at 4°C for 1 h. The acetylated gelatin was dialyzed against three changes of 50 mM Tris/HCl, pH 7.6, containing 50 mM NaCl. Before determination of gelatinase activity all samples were treated with DFP to block serine proteinases. To this end the samples were incubated in the presence of 3 mM DFP in 50 mM Tris/HCl, pH 7.6, containing 50 mM NaCl and 0.05% Triton X-100 for 60 min at 37°C. The reaction was stopped by cooling in ice and addition of 0.1 mg/ml bovine serum albumin. Gelatinase activity was assayed in an incubation mixture containing 35 Mg 3H-acetylated gelatin (-30,000 cpm) and DFP-treated enzyme, 2 mM p-aminophenylmercuric acetate, 10 mM CaCl2, 0.1 mg/ ml bovine serum albumin, 0.05% Triton X-100, 39 mM Tris/ HCI, pH 7.6, and 39 mM NaCl in a total volume of 0.225 ml. p-Aminophenylmercuric acetate was added to activate the latent form of gelatinase. The incubation was carried out at 37°C for 1 h and was stopped by addition of 25 gl bovine serum albumin (100 mg/ml) in 50 mM Tris/HCl, pH 7.6, containing 50 mM NaCl followed by 50 Ml of cold 90% TCA (wt/vol). After standing in ice for 30 min the mixtures were centrifuged at 1,250 g for 15 min and the radioactivity was measured in 100 Ml of the supernate.
Superoxide generation was measured by incubating 2 X 106 neutrophils in a total volume of 0.6 ml PBS in the presence of 85 MuM cytochrome c and the appropriate stimulus at 37°C for 10 min. The reactions were terminated by addition of 2 vol of cold Ca", Mg++-free PBS and rapid cooling in ice. After centrifugation at 1,200 g for 10 min, the cytochrome c reduced was determined according to Curnutte et al. (15) . To correct for nonspecific cytochrome c reduction each assay was done in the absence and presence of 20 Mg/ml superoxide dismutase.
RESULTS
Subcellular localization of gelatinase. Fraction at 13,500 rpm yields optimal resolution of the three major particulate fractions of human neutrophils, i.e., a membrane fraction and the specific and azurophil granules (8, 9) . In Fig. 1 , the following markers were used for the identification of these three compartments: alkaline phosphatase for the membranes, vitamin B12-binding protein for the specific granules, and peroxidase for azurophil granules. Vitamin B12-binding protein has previously been shown by Kane and Peters (16) to occur exclusively in the specific granules. We have confirmed this finding in a series of fractionation experiments using both density equilibration and rate sedimentation and we consider this protein an ideal specific granule marker, unlike lysozyme, which also occurs in the azurophil granules ( Fig. 1 ).
As shown in Fig. 1 , gelatinase is almost completely recovered in the inner half of the gradient. Its distribution profile is unimodal. It is separated from that of the azurophil granule markers (i.e., peroxidase and acid glycosidases) that accumulate at the cushion and although partially overlapping, is clearly resolved from the profile of vitamin B12-binding protein. Gelatinase sediments together with a minor portion of certain acid hydrolases, namely glycosidases and acid ,B-glycerophosphatase, which has been previously assigned to a small population of lysosomes, the C-particles, in human and rabbit neutrophils (8, 11) . In Fig.  1 , the C-particles are revealed by a small peak of Nacetyl-,B-glucosaminidase in the inner half of the gradient, which coincides with the peak of gelatinase. The resolution between gelatinase and vitamin B12-binding protein was confirmed in four additional experiments. As shown in Table I , the difference of the median relative sedimentation velocities of these two subcellular components is highly significant. By contrast, no resolution between gelatinase and vitamin B12-binding protein was obtained in two isopycnic equilibration experiments (Table I) . This is in accordance with our Results are calculated and presented as described by de Duve (17) . Median relative sedimentation velocity is expressed as the fractional gradient volume containing half of the total activity of marker recovered (see Methods for experimental conditions). Median equilibrium density is the density of the gradient fraction at which half of the total activity of marker is recovered. Initial conditions for the isopycnic experiments were: first experiment, 10 neither cytotoxic nor cytolytic as shown by the minimal losses of lactate dehydrogenase. Zymosan-treated itamin B12-binding serum as a source of C5a (and/or its desarginine dehuman neutrophils rivative) showed effects that were similar to those of iulation with PMA. fMLP. It induced the release of about one-third of the 0 ml of PBS) were gelatinase and of a small portion of vitamin B12-bindlosan or with 10 ng s released into the ing protein, but did not affect ,B-glucuronidase dis--s±SD from seven tribution. In these experiments, the serum controls in-;ocytosis and mean duced some gelatinase exocytosis without influencing imulation. Data on the other parameters. As already seen in Fig. 2 , neutrophils that were challenged with opsonized zymosan differed from the cells treated with soluble agents solely with respect to the redistribution of f,-gluc--quilibration does uronidase, which was released into the medium of )articles (8) .
phagocytosing cells to a minor but significant extent, ase of gelatinase presumably via phagocytic vacuoles communicating 2-binding protein to the outside (17) .
Lles, in most cases
Because cytochalasin B enhances neutrophil rethe neutrophils sponse to soluble stimuli (18, 19) , fMLP was also tested uble stimuli (Fig. on cytochalasin B Fig. 3 , atinase was much cytochalasin B increased the exocytotic response to an that of other fMLP. The release of gelatinase was nearly doubled. activity was lib-However, a more dramatic effect was seen with respect osan. The corre-to vitamin B12-binding protein and ,3-glucuronidase, of the specific and which both reached values of up to 35% in only 10 n to fuse rapidly min. In cells that were not pretreated with cytochalasin 30 and 15%, re-B, release of vitamin B12-binding protein did not exulted in a similar, ceed 10% and there was no significant release of 1#-and vitamin B12-glucuronidase, which agrees with the data presented ese conditions ,B-in Table II . Similar results were obtained when activated serum, instead of fMLP, was used as the stimulus :n were found to (data not shown). re proportions of
The data presented so far show that extremely mild st subsequent ex-stimuli are sufficient to induce the exocytosis of gelsummary of the atinase. We therefore compared enzyme release in [. As expected in freshly prepared and aged neutrophils, i.e., cells ob-2, soluble stimuli tained from buffy coats of donor blood that had been re A 23187, and stored in the cold for 24 h. As shown in Fig. 4 (29) , using one-tailed probability tables, and is indicated as follows: 4 0.005 < P < 0.05. § P < 0.001. 0.05 < P < 0.1. suggesting that gelatinase secretion is independent from the respiratory burst. FIGURE 4 Release of gelatinase (0), vitamin B12-binding protein (A), and ,3-glucuronidase (0) from neutrophils purified from freshly drawn blood (A) and from buffy-coats of donor blood stored at 4°C for 24 h (B). Conditions were as in Fig. 2 Welch (29) . stimuli used unless the cells were pretreated with cytochalasin B. This is an important point because it shows that under mild stimulatory conditions, such as are likely to occur in a gradient of a chemotactic factor, gelatinase and possibly other constituents of the novel compartment are released in significant amounts while the acid hydrolases and in particular the neutral serine proteinases, elastase, and cathepsin G, are retained. On the other hand, some collagenase, localized in the specific granules (4), is likely to be released along with gelatinase. Discharge of gelatinase was found to be independent of the respiratory burst, although it was frequently paralleled by an increase in superoxide formation. Evidence for the dissociation of the two responses stems mainly from the observation that aged neutrophils (prepared from blood that had been stored at 4°C for 24 h) released substantial amounts of gelatinase upon warming to 37°C without any enhancement of superoxide production. Similar results were obtained when fresh neutrophil preparations were incubated with low concentrations of fMLP or A 23187. Of interest was the effect of chemotactic peptides and activated serum. In contrast to the other soluble stimuli, these agents induced the release of one-third of the cell-associated gelatinase at the most. Such a level was reached already at very low concentrations and was not enhanced significantly by greatly increased stimulus concentrations. Taken together these results reveal the presence of a novel, truly secretory neutrophil storage compartment that is mobilized by very low concentrations of soluble stimuli as well as during phagocytosis.
In view of the rapid and ready mobilization it is tempting to envisage a function for gelatinase in the chemotactic response and/or in diapedesis, e.g., by facilitating the dissociation of endothelial cell junctions or by easing the way through the basement membrane meshwork. However, like other metallo-proteinases (20, 21) , gelatinase is present within the cell and is released upon stimulation in latent form. Latent gelatinase is thought to be an enzyme inhibitor complex (22) , which is split by treatment with mercurials or by the action of other proteinases (4, 22) . Presently, we can only speculate on the mechanisms of gelatinase activation in the microvessels or the tissues invaded by neutrophils. The latent form is activated by cathepsin G, but is inactivated by neutrophil elastase (4) . It however appears unlikely that these serine proteinases play a role in the physiological activation process because they are localized in the azurophil granules and are thus retained within neutrophils that have released large amounts of their gelatinase. Plasmin, which may be formed locally by plasminogen activator (23) , was reported to activate latent collagenase (24, 25) . In preliminary experiments, however, latent neutrophil gelatinase could not be activated by plasmin or a combination of plasminogen and urokinase. On the other hand, activation may turn out to occur extracellularly independent of other neutrophil enzymes. It is conceivable that, being an enzyme-inhibitor complex, gelatinase may become activated when exposed to its preferred substrate (e.g., a structural protein of the basement membrane) by competition for the inhibitor binding site. The ready availability of cellular gelatinase is also demonstrated by our experiments with neutrophils prepared from donor blood, which had been stored at 4°C for 24 h. Simple warming up of these cells to 370C was sufficient to deplete the gelatinase compartment. Independent of their significance to the mechanism of gelatinase secretion, these results show that stored neutrophils are likely to release most of their gelatinase upon warming for infusion. Such neutrophils may be impaired in function, a point that should be considered in connection with the clinical use of white cell preparations.
In qualitative terms, the behavior of gelatinase is analogous to that of a comparatively smaller portion of the contents of the specific granules. Indeed, as pointed out by Wright and Gallin (26) on the basis of evidence from their own and several other laboratories, and as supported by our data on the release of vitamin B12-binding protein, the specific granules have some properties in common with the storage granules of secretory cells. On the other hand, it is known that specific granules also fuse with phagocytic vacuoles (27, 28) 
